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We update the best constraints on fluctuations in the solar medium deep within the solar Ra-
diative Zone to include the new SNO-salt solar neutrino measurements. We find that these new
measurements are now sufficiently precise that neutrino oscillation parameters can be inferred in-
dependently of any assumptions about fluctuation properties. Constraints on fluctuations are also
improved, with amplitudes of 5% now excluded at the 99% confidence level for correlation lengths
in the range of several hundred km. Because they are sensitive to correlation lengths which are so
short, these solar neutrino results are complementary to constraints coming from helioseismology.
PACS numbers: PACS numbers: 26.65.+t, 14.60.Pq, 96.60.-j, 96.60.Ly, 47.65.+a
INTRODUCTION
Neutrino-oscillation measurements are entering an era
of unprecedented precision, with the solar neutrino data
[1, 2, 3] and atmospheric neutrino data [4, 5] combin-
ing to give a concordant picture of conversions amongst
three species of active neutrinos [6, 7]. The oscillation
parameters which describe these conversions are the two
mass-squared differences, ∆m2sol and ∆m
2
atm, the three
mixing angles, θ12, θ23 and θ13, plus phases which violate
CP [8] and are still to be probed. The best fits to these
parameters are consistent with a maximal atmospheric
mixing angle, θ23, and give a preferred solar mixing angle
in the so-called large mixing angle (LMA-MSW) regime
[9]. The third angle, θ13, is strongly constrained mainly
by reactor experiments [10].
A crucial recent development has been the verification
of these oscillation parameters in purely terrestrial mea-
surements, with the KamLAND experiment [11] report-
ing measurements which are consistent with the oscilla-
tion parameters indicated by the solar neutrino analysis.
Such an independent measurement of oscillation proper-
ties is invaluable since it allows a cleaner separation to
be made between neutrino properties and solar physics,
thereby opening a new observational window deep into
the solar interior [12].
In particular, the precise terrestrial observation of os-
cillations relevant to solar neutrinos allows the removal
of a theoretical uncertainty in the inference of neutrino
properties. This uncertainty arises because specific types
of fluctuations of the solar medium deep within the solar
radiative zone are known to affect neutrino oscillations
[13, 14, 15, 16], if they have sufficient size. Consequently
the inference of neutrino properties from solar data re-
quire the use of prior assumptions concerning these such
fluctuations.
Traditionally, the necessity for making these prior as-
sumptions concerning solar fluctuations has not been re-
garded as being worrisome for several reasons. First, he-
lioseismic measurements can constrain deviations of solar
properties from Standard Solar Model predictions at bet-
ter than the percent level. Second, preliminary studies of
the implications for neutrino oscillations of radiative-zone
helioseismic waves [16] showed that they were very un-
likely to have observable effects. Third, no other known
sources of fluctuations seemed to have the properties re-
quired to influence neutrino oscillations.
All three of these points have been re-examined in
recent years, with the result that the presence of solar
fluctuations seems more likely than previously thought.
First, direct helioseismic bounds turn out to be insen-
sitive to fluctuations whose size is as small as those to
which neutrinos are sensitive [17, 18] (which, as we argue
below, turn out to be those whose size is only several hun-
dreds of km). Second, recent studies of magnetic fields
deep inside the solar radiative zone [19] have identified
potential fluctuations to which neutrinos might be sensi-
tive after all (due to a resonance between Alfve´n waves
and helioseismic g-modes).
These studies motivate us to investigate again the ex-
tent to which neutrino-oscillation parameters can be ex-
tracted independent of prior assumptions concerning the
solar fluctuations. In principle, sufficiently precise sep-
arate measurement of oscillation parameters by Kam-
LAND and by solar neutrino detectors may allow this
type of prior assumption to be relaxed. Unfortunately,
global fits to the post-KamLAND data in the presence of
fluctuations [20, 21] have indicated that the data were not
yet sufficiently precise to allow the neutrino-oscillation
parameters and the solar fluctuations to be disentangled
with good accuracy.
The recent release of the SNO salt results [22] call for a
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Figure 1: Effect of random electron density fluctuations on
electron-neutrino survival probability for LMA-MSW oscilla-
tions and a correlation length L0 = 100 km. The fluctuation’s
amplitude ξ at the position of neutrino resonance is zero in
the left panel, and is ξ = 4% and ξ = 8% in the middle and
right panels, respectively.
re-evaluation of this conclusion, since these considerably
improve the precision with which solar neutrino proper-
ties are determined. It is the purpose of the letter to
show that with these new data solar neutrino measure-
ments have now changed the picture, inasmuch as global
fits to neutrino properties no longer need to make prior
assumptions about solar medium fluctuations in order
to infer neutrino oscillation parameters. We also sum-
marize the direct constraints on these fluctuations which
may now be convincingly inferred for the first time, with-
out making prior assumptions concerning the details of
neutrino oscillations. Finally we forecast the precision
which will be possible to achieve with subsequent terres-
trial neutrino measurements.
SENSITIVITY TO FLUCTUATIONS
The standard description of MSW oscillations [23]
amount to the use of a mean-field approximation for the
solar medium. The corrections to this mean-field approx-
imation are due to the fluctuations in the solar medium
about this mean, and the leading interaction of neutrinos
with these fluctuations are parameterized by the electron-
density autocorrelation, 〈δne(t)δne(t
′)〉, measured along
the neutrino trajectory [13, 14, 15, 16].
As fig. (1) shows, such fluctuations act to degrade
the efficiency of neutrino conversions. They can do so
because successive neutrinos ‘see’ slightly different so-
lar properties, and so in particular do not experience
an equally adiabatic transition as they pass through the
neutrino resonance region. The net effect is to degrade
the effectiveness of the neutrino conversion because those
neutrinos for which the transition is less adiabatic are
more likely to survive as electron-type neutrinos. Since
criterion for the transition to be adiabatic depends on
how quickly the electron distribution varies near reso-
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Figure 2: Exclusion region in the amplitude–correlation
length (ξ − L0) plane for solar fluctuations using KamLAND
and solar neutrino data before the SNO–salt experiment. In
the right panel the neutrino oscillation parameters are as-
sumed known while both oscillation and fluctuation parame-
ters are jointly fit in the left panel. The lines indicate contours
of 90, 95, 99% CL and 3 σ.
nance, fluctuations give observable effects for neutrinos
if they occur at resonance with sufficient amplitude, and
if their correlation length, L0, is comparable to the local
neutrino oscillation length, Losc ∼ 100 km.
THE IMPLICATIONS OF THE SNO SALT
RESULT
We now report on the result of fits which are ob-
tained using a global analysis of the solar data, including
radiochemical experiments (Chlorine, Gallex-GNO and
SAGE) [1] as well as the latest SNO data in the form of
17 (day) + 17 (night) recoil energy bins (which include
CC, ES and NC contributions, see [24]) [2] and the Super-
Kamiokande spectra in the form of 44 bins [3] (8 energy
bins, 6 of which are further divided into 7 zenith angle
bins). We have also used the improved measurement with
enhanced neutral current sensitivity due to neutron cap-
ture on salt, which has been added to the heavy water in
the SNO detector. The data are presented in the form
of the neutral current (NC), charged current (CC) and
elastic scattering (ES) fluxes [22]. Following Ref. [26] we
used data from the KamLAND collaboration given in 13
bins of prompt energy above 2.6 MeV [11].
The sensitivity of the solar neutrino data to fluctua-
tions in the solar medium is summarized by figures (2)
and (3). Fig. (2) is taken from ref. [20], and summa-
rizes the sensitivity before the SNO salt measurements.
Fig. (3) gives the same results after SNO salt. Compar-
ing these figures shows the improvement in constraints
due to the SNO salt data, and comparing the panels in
each figure shows the importance of a precise determina-
tion of the neutrino oscillation parameters for obtaining
a constraint on the magnitude of fluctuations.
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Figure 3: Sensitivity of solar neutrino data to the solar fluc-
tuations including the SNO salt measurements. As in Fig. 2
the right panel assumes the neutrino oscillation parameters
are known while the left panel shows the result when both
oscillation parameters and fluctuations are jointly fit.
The importance of the KamLAND and the SNO-salt
measurements in these results is most easily seen from
fig. (4), which compares the dependence of the fit’s χ2 on
the amplitude of the fluctuations for various individual
data sets. This figure makes clear how the KamLAND
results are largely responsible for localizing the best fit
near zero fluctuation amplitude. This is as should be ex-
pected, since the evidence for the absence of fluctuations
follows from the comparison of solar neutrino observa-
tions with terrestrial measurements of neutrino oscilla-
tion properties.
Note, however, that further precise determination of
neutrino parameters at KamLAND due to higher statis-
tics will have a very modest impact on the limit on the
amplitude of density fluctuations within the 99% C.L.
region, as can be seen from the dot–dashed line in Fig. 4.
Fig. (5) shows how the existence of solar fluctuations
influences the determination of the neutrino oscillation
parameters, and contains our main result. The two pan-
els of the figure contrast the precision of the fit with and
without solar fluctuations. The left panel gives results
subject to the usual prior assumption of no solar fluctua-
tions, while the right panel leaves the amplitude of such
fluctuations to be obtained from the fit. (When fluctua-
tions are included, they are assumed to have the optimal
correlation length L0 = 100 km.) The lines indicate con-
tours of fixed confidence level when the KamLAND data
are not included, while the coloured regions give the same
information when KamLAND is included.
The main conclusion which follows from this figure is
that the precision with which the neutrino oscillations
are known is now largely independent of whether a prior
assumption is made about the existence of solar fluctua-
tions. With the release of the SNO salt results the com-
parison of solar neutrino with KamLAND data suffices to
robustly determine the oscillation parameters indepen-
dent of the assumed amplitude of solar fluctuations. The
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Figure 4: The chi-square of the fit as a function of fluctuation
amplitude for a correlation length L0 = 100 km.
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Figure 5: The solar neutrino oscillation parameters obtained
in our global fit for L0 = 100 km. The left panel assumes
no noise, while in the right panel the amplitude of the noise
is left arbitrary. The coloured regions are obtained using the
KamLAND data, while the lines refer to CL contours without
KamLAND.
SNO salt data are crucial for reaching this conclusion,
as is clear from fig. (6), which compares the right panel
of fig. (5) with the same fit performed without using the
SNO salt results.
OUTLOOK
We see that the SNO salt data, when combined with
KamLAND results, for the first time places the deter-
mination of neutrino-oscillation parameters beyond the
reach of sensitivity to prior assumptions concerning the
existence of fluctuations in the solar radiative zone. Be-
sides making more robust the determination of neutrino-
oscillation parameters, this allows a much sharper de-
termination of the kinds of solar fluctuations that may
still be allowed deep within the solar radiative zone. As
we have seen, the resulting constraints apply to fluctua-
tions whose spatial scales are of order 100 km, and so are
complementary to those obtained from helioseismology,
which are insensitive to fluctuations on such short scales.
Ref. [19] has suggested one possible mechanism for ob-
taining observable fluctuations in the relevant part of the
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Figure 6: The same fit (including fluctuations) as given in
fig. (5), performed with (right) and without (left) the SNO
salt results.
sun. In that picture fluctuations having the appropriate
distance scale may arise if magnetic fields of order 10 kG
should exist deep in the solar core. Magnetic fields of
this size would be consistent with current observational
bounds [27, 28].
It is instructive to ask how the precision of these results
is likely to improve given the new neutrino experiments
which are currently being planned. In addition to further
statistics from the KamLAND reactor experiment, we
expect a high statistics of solar neutrinos above 5 MeV at
the UNO experiment, which would make solar precision
measurements possible [29]. Quantifying the sensitivity
of upcoming detectors as probes of the Sun deep within
the radiative zone lies outside the scope of this note.
Work supported by Spanish grants BFM2002-00345,
by the European Commission RTN network HPRN-CT-
2000-00148, by the European Science Foundation net-
work grant N. 86, by CSIC-RAS agreement (VBS) and
by MECD grants SB-2000-0464 (TIR) and AP2000-1953
(MAT). C.B.’s research is supported by grants from
NSERC (Canada), FCAR (Quebec) and McGill Univer-
sity. VBS, NSD and TIR were partially supported by the
program of Presidium RAS “Non-stationary phenomena
in astronomy”.
[1] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998);
W. Hampel et al. [GALLEX Collaboration], Phys. Lett.
B 447, 127 (1999); Talks given by V. N. Gavrin [SAGE
Collaboration] and E. Belotti [GNO Collaboration] at the
8th International Workshop on Topics in Astroparticle
and Underground Physics (TAUP 03), Seattle, Sept. 5–
9, 2003.
[2] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett.
89, 011301 (2002); Phys. Rev. Lett. 89, 011302 (2002).
[3] S. Fukuda et al. [SuperKamiokande Collaboration], Phys.
Lett. B 539, 179 (2002).
[4] Atmospheric data were reviewed in the talks by M.
Shiozawa and M. Goodman at the XXth Interna-
tional Conference on Neutrino Physics and Astrophysics,
http://neutrino2002.ph.tum.de/
[5] Y. Fukuda et al. [Super-Kamiokande Collaboration],
Phys. Rev. Lett. 81, 1562 (1998).
[6] M. Maltoni, T. Schwetz, M. A. Tortola and J. W. Valle,
arXiv:hep-ph/0309130 and references therein.
[7] For recent reviews see S. Pakvasa and J. W. F. Valle,
hep-ph/0301061, Proceedings of the Indian National
Academy of Sciences; V. Barger, D. Marfatia and
K. Whisnant, hep-ph/0308123, and references therein.
[8] J. Schechter and J. W. Valle, Phys. Rev. D 22, 2227
(1980); Phys. Rev. D 23 (1981) 1666.
[9] M. C. Gonzalez-Garcia et al, Nucl. Phys. B 573 (2000)
3; J. N. Bahcall, P. I. Krastev and A. Y. Smirnov, Phys.
Rev. D 60 (1999) 09300.
[10] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett.
B 466, 415 (1999).
[11] K. Eguchi et al. [KamLAND Collaboration], Phys. Rev.
Lett. 90 (2003) 021802.
[12] J. Bahcall, “Neutrino Astrophysics” Cambridge Univer-
sity Press, 1989.
[13] A. B. Balantekin, J. M. Fetter and F. N. Loreti, Phys.
Rev. D 54, 3941 (1996).
[14] H. Nunokawa, A. Rossi, V. B. Semikoz and J. W. Valle,
Nucl. Phys. B 472 (1996) 495.
[15] C.P. Burgess and D. Michaud, Ann. Phys. (NY) 256
(1997) 1.
[16] P. Bamert, C. P. Burgess and D. Michaud, Nucl. Phys.
B 513, 319 (1998).
[17] V. Castellani et al, Nucl. Phys. Proc. Suppl. 70 (1999)
301.
[18] J. Christensen-Dalsgaard, Lecture Notes available at
http://bigcat.obs.aau.dk/∼jcd/oscilnotes/. See also “He-
lioseismology,” arXiv:astro-ph/0207403.
[19] C.P. Burgess, N.S. Dzhalilov, T.I. Rashba, V.B. Semikoz
and J.W.F. Valle, arXiv:astro-ph/0304462.
[20] C.P. Burgess, N.S. Dzhalilov, M. Maltoni, T. Rashba,
V. Semikoz, M. Tortola and J.W.F. Valle, Astrophys. J.
588, L65 (2003).
[21] A. B. Balantekin and H. Yuksel, Phys. Rev. D 68, 013006
(2003); M. M. Guzzo, P. C. de Holanda and N. Reggiani,
Phys. Lett. B 569, 45 (2003).
[22] S. N. Ahmed et al. [SNO Collaboration],
arXiv:nucl-ex/0309004.
[23] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978);
S. P. Mikheev and A. Y. Smirnov, Sov. J. Nucl. Phys.
42 (1985) 913.
[24] M. Maltoni, T. Schwetz, M. A. Tortola and J. W. Valle,
Phys. Rev. D 67, 013011 (2003). Other recent analyses of
solar data can be found in ref. [25] and references therein.
[25] G. L. Fogli et al, Phys. Rev. D 66, 053010 (2002);
J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay,
JHEP 0207, 054 (2002); A. Bandyopadhyay et al, Phys.
Lett. B 540, 14 (2002); Mod. Phys. Lett. A 17, 1455
(2002); V. Barger et al, Phys. Lett. B 537, 179 (2002);
P. C. de Holanda and A. Y. Smirnov, Phys. Rev. D 66,
113005 (2002); P. Creminelli, G. Signorelli and A. Stru-
mia, JHEP 0105, 052 (2001).
[26] M. Maltoni, T. Schwetz and J. W. Valle, Phys. Rev. D
67, 093003 (2003).
[27] S. Couvidat, S. Turck-Chieze and A. G. Kosovichev,
arXiv:astro-ph/0203107.
[28] A. Friedland and A. Gruzinov, arXiv:astro-ph/0211377.
[29] C. Yanagisawa, plenary talk at International Workshop
on Astroparticle and High Energy Physics October 14 -
18, 2003, Valencia, Spain, to be published at JHEP.
